Background {#Sec1}
==========

Recently, many researches on timetabling problems have been reported from the viewpoint of optimization (Burke and Petrovic [@CR1]; Daskalaki et al.[@CR2]; Causmaecker et al. [@CR3]; Burke et al. [@CR4]; Abdullaha and Turabieh [@CR5]). Most of them take the approach of utilizing a computer and generating a feasible timetable based on a mathematical programming model (Nemhauser et al. [@CR6]) which is formulated after the interview with the experts of the problem domain. On the other hand, generated timetables become rarely operative in the realistic situation, and human modifications are added to them in many cases. This always results from disability of mathematical programming model. In contrast, we consider an approach to generate a solution (i.e., a timetable) of the target problem by referring to the implicit knowledge from an operator. It is important to incorporate man--machine interaction explicitly into an optimization process in this approach.

Introduction {#Sec100}
============

We propose iterative optimization method based on man--machine interaction for makeup classes timetabling problems specially in Toyama Prefectural University. In this university, there is an arranged period for the makeup classes in each semester, and it takes 5--6 days. A timetable has to be scheduled under the constraints of inhibition of overlapped time slots both for the lecturer and the students. In the past of the university, one operator has scheduled a timetable of the makeup class, and the total scheduling time has been about 3 weeks. Our proposed system was applied to the makeup classes of the second semester of 2013, the first and the second semester of 2014. Its effectiveness was evaluated quantitatively by comparing with the conventional hand working method and qualitatively by the hearing survey to the staffs.

Mathematical programming models and makeup class timetabling problem {#Sec2}
====================================================================

We first formulate a makeup class timetabling problem into an integer programming model. A makeup class is a class which is offered as a substitute for the canceled class in the ordinary course in the university. In Toyama Prefectural University, 5--6 days are arranged for a set of makeup classes requested by the lecturers in each semester, and timetables of the makeup classes are scheduled by a staff of the educational affairs section. A classroom for each makeup class is also scheduled simultaneously with the timetabling. When feasible timetables are not able to be found, a set of classes for operating in the arranged period needs to be selected. The rest of classes are operated in the ordinary course period.

Parameters {#Sec3}
----------

Parameters of the integer programming model are summarised as follows:Time slot $\documentclass[12pt]{minimal}
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Decision variables and dependent variables on them are defined as follows:Allocation of classroom $\documentclass[12pt]{minimal}
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Constraints {#Sec5}
-----------
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Iterative optimization method based on man--machine interaction {#Sec6}
===============================================================

In this section, we model a procedure of interaction between an expert and a computer in making a timetable.

The original problem and its mathematical programming model {#Sec7}
-----------------------------------------------------------

In our research, we focus on a problem, which cannot be formulated by existing mathematical programming models completely. Every optimization problem is originally modeled into mathematical formulas, graph expression or computer languages by describing decision variables, parameters (i.e., constant values), constraints on the decision variables and objective functions.Figure 1Solution process for timetabling.Figure 2Solution process for timetabling (conventional).

In this paper, we give the following assumption in order to restrict our discussion on the university timetabling problem:the decision variables and the parameters can be described in a mathematical programming manner completely.

Under this assumption, there exists the elements which cannot be formalized into a mathematical programming model among the constraints and the objective functions. Here, such constraints can be classified into the followings:

(A)The constraints which are described into mathematical formulas, and at the same time need not always be satisfied in making a timetable, and(B)The constraints which cannot be formalized primarily. We call them implicit constraints.

As for the constraints of (A) (i.e., the soft constraints), it is a general approach to relax these constraints and to incorporate them into the objective functions where the degree of a violation of them is quantified and is minimized as shown in \"[Constraints](#Sec5){ref-type="sec"}\". However, this problem deformation is equivalent to the multi-objectivization of the original problem, and it poses a problem of balancing multiple objective functions.

A solution space which is represented by the formulated constraints includes the original solution space with implicit constraints in both case of (A) and (B).

Optimization process {#Sec8}
--------------------

We propose an optimization approach by newly introducing *meta model* for the problem described in \"[The original problem and its mathematical programming model](#Sec7){ref-type="sec"}\". Meta-model is a model which is allowed to include both the implicit constraints and the implicit objective functions. The implicit objective functions include the parameters which are difficult to be quantified. A mathematical programming model is generated by setting/modifying these parameters by the operators.

On the other hand, the implicit constraints are reflected in the modifying process of the solutions generated by optimizing the acquired mathematical programming model. In other words, a computer processes the mathematical programming model, and an operator sets the values of the parameters of the meta-model and modifies the solution generated from the computer.
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These procedure can be illustrated in the solution space of Figure [1](#Fig1){ref-type="fig"}. In this figure, step 1° corresponds to generating a solution space $\documentclass[12pt]{minimal}
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An objective function defined as the weighted sum of the multiple objective functions ($\documentclass[12pt]{minimal}
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                \begin{document}$$w^\mathrm{A}\,\ldots ,\,w^\mathrm{F}$$\end{document}$ are also set and modified in the course of the iterative optimization process in Figure [1](#Fig1){ref-type="fig"}.

Experiments {#Sec9}
===========

In this section, we show the numerical experiments with the actual data to examine the performance of the proposed method. We used the timetabling data of Toyama Prefectural University from the second semester of 2013 to the second semester of 2014. Here, the decision of the classroom selection were excluded in this experiments in order to reduce the model size described in \"[Mathematical programming models and makeup class timetabling problem](#Sec2){ref-type="sec"}\". One staff of the educational affairs section in Toyama Prefectural University scheduled a timetable by using our proposed method.

Problem specification {#Sec10}
---------------------

The problem specification we used is summarized as follows:The second semester of 2013 (we call SS2013)Number of students: 994,Number of slots arranged for makeup classes: 34,Number of classes requested by the lecturers: 257.The first semester of 2014 (FS2014)Number of students: 997,Number of slots arranged for makeup classes: 36,Number of classes requested by the lecturers: 280.The second semester of 2014 (SS2014)Number of students: 997,Number of slots arranged for makeup classes: 34,Number of classes requested by the lecturers: 257.

We used IBM ILOG CPLEX12 (IBM Corp [@CR8]) on a Core i5 (1.8GHz) computer for solving the integer programming model described in \"[Mathematical programming models and makeup class timetabling problem](#Sec2){ref-type="sec"}\". The branch-and-bound techniques are employed in it. The scheduling staff was instructed that it is allowed to terminate the optimization procedure by the computer after a dual gap, which is the difference between upper and lower bounds of the objective values, is less than 1%. The values of the upper and lower bounds can be found in the course of applying IBM ILOG CPLEX12. Figure [3](#Fig3){ref-type="fig"} shows a screen shot of the implemented system.Figure 3A screen shot of the implemented system.

Results {#Sec11}
-------

The model specification and the scheduling results are summarized as follows:SS2013Number of variables: 41,472Number of constraints: 45,259Number of classes not operated in the period for the makeup classes: 8Computational time (for each optimization by a computer): 1,088--5,384 sDuplication of classes for the students \[which is equal to $\documentclass[12pt]{minimal}
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                \begin{document}$${\varvec{X}}$$\end{document}$: 382SS2014Number of variables: 43,153Number of constraints: 46,876Number of classes not operated in the period for the makeup classes: 1Computational time (for each optimization by a computer): 0.00--41,324 sDuplication of classes for the students: 35Number of feedback loops for generation and evaluation of the timetables $\documentclass[12pt]{minimal}
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The results by the conventional scheduling techniques (i.e., hand working) are obtained as a comparison from the hearing survey to the staff, and they are also summarized as follows:

The first semester of 2013 (we call FS2013)$\documentclass[12pt]{minimal}
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Figure [4](#Fig4){ref-type="fig"} summarizes the operation time including both the operation by the staff and the computation by the computer. Here, the operation time is divided into the time for data input and for the parameter setting. In our all experiments, the modification of solution $\documentclass[12pt]{minimal}
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Discussion {#Sec12}
----------

We conducted hearing surveys for the staffs after the experiments. We asked open-ended questions on the workloads and the contents of operation. From the hearing surveys and the results described in \"[Results](#Sec11){ref-type="sec"}\", the following points are observed:The physical load for the staff was reduced to about a half of FS2013.Timetables with a few duplication of classes were acquired in early iterations in the optimization loop.The model parameters such as $\documentclass[12pt]{minimal}
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                \begin{document}$$b^\mathrm{C}_{k}$$\end{document}$ were modified by the operators in the optimization loop. On the other hand, the modification step of Figure [1](#Fig1){ref-type="fig"} was not necessary for almost every iteration.Various timetables could be evaluated and compared by changing the model parameters.The computational time of the branch-and bound techniques can vary significantly depending on the model parameters corresponding to the implicit objective functions.The requests from the lectures are different among the three data sets, and it provided significant differences on the computation time of the branch-and-bound algorithm.The staffs could attend some other duties during the optimization process by a computer.Every acquired schedule was actually conducted in Toyama Prefectural University.

Conclusions {#Sec13}
===========

In this paper, we focus on a timetabling problem of university makeup classes and construct a scheduling system based on man--machine interaction. Makeup classes which are requested by the lecturers have to be assigned to a specified time slot under the hard and soft constraints. A constraint based scheduling model is newly introduced and several parameters of the model are settled through the repetition of the solution evaluation by the operators. Through the numerical experiment with the actual data, workloads of the operators could be reduced to about a half of the case of the conventional hand working, and timetables with a few duplication of classes could be obtained. Every acquired timetables by the proposed method had a potential to be conducted in the actual use environment.

In our studies, the following issues have left to be investigated:Visualization of the factors which provides infeasible solutions in the constraints,Reduction of the computational costs by a computer, andConstruct an expert model which can optimize the parameters of the meta model as an agent.

Syunsuke Shimazaki, Kazutoshi Sakakibara and Takuya Matsumoto contributed equally to this work

SS and KS wrote and had the original idea of the article. TM had also the original idea and critically revised the manuscript. All authors read and approved the final manuscript.

Acknowledgements {#d30e3955}
================

The authors wish to thank Ms. Yuki Matsuhara and Ms. Haruka Miyakoshi, academic affairs staffs in Toyama Prefectural University, for their supports during the system evaluation. We received valuable comments over the entire study. The authors would like to thank also Ms. Hiromi Fukushima for her supports during model construction and code implementation.

Compliance with ethical guidelines {#d30e3960}
==================================

**Competing interests** The authors declare that they have no competing interests.
